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Abstract 
Background: Long‑acting artemisinin‑based combination therapy (LACT) offers the potential to prevent recurrent 
malaria attacks in highly exposed children. However, it is not clear where this advantage will be most important, and 
deployment of these drugs is not rationalized on this basis.
Methods: To understand where post‑treatment prophylaxis would be most beneficial, the relationship between 
seasonality, transmission intensity and the interval between malaria episodes was explored using data from six cohort 
studies in West Africa and an individual‑based malaria transmission model. The total number of recurrent malaria 
cases per 1000 child‑years at risk, and the fraction of the total annual burden that this represents were estimated for 
sub‑Saharan Africa.
Results: In settings where prevalence is less than 10 %, repeat malaria episodes constitute a small fraction of the 
total burden, and few repeat episodes occur within the window of protection provided by currently available drugs. 
However, in higher transmission settings, and particularly in high transmission settings with highly seasonal transmis‑
sion, repeat malaria becomes increasingly important, with up to 20 % of the total clinical burden in children estimated 
to be due to repeat episodes within 4 weeks of a prior attack.
Conclusion: At a given level of transmission intensity and annual incidence, the concentration of repeat malaria 
episodes in time, and consequently the protection from LACT is highest in the most seasonal areas. As a result, the 
degree of seasonality, in addition to the overall intensity of transmission, should be considered by policy makers when 
deciding between ACT that differ in their duration of post‑treatment prophylaxis.
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Background
The burden of malaria is not shared equally in endemic 
areas—some children experience repeated attacks of 
malaria while others remain healthy [1, 2]. Children who 
have multiple episodes of clinical malaria may be more 
likely to develop severe disease or severe anaemia [2–5], 
and recurrent malaria after discharge may lead to further 
severe morbidity in children who have been admitted to 
hospital [6, 7]. Repeated episodes of malaria may make 
children more susceptible to, or increase the severity of, 
other conditions such as invasive bacteraemia [8], and 
may also lead to poor school performance [9].
Artemisinin-based combination therapy (ACT) used 
for case management of malaria provides protection 
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against a subsequent attack in the immediate period 
after treatment, because parasites that emerge from the 
liver while sufficient concentrations of the partner drug 
remain present in the blood will be killed. The duration 
of this post-treatment prophylaxis (PTP) depends on the 
pharmacokinetics and pharmacodynamics of the drug, 
as well as the resistance patterns in the parasite popula-
tion to which individuals are exposed [10]. Thus, some 
repeat episodes of malaria will be prevented by use of any 
effective drug, but the number of episodes prevented will 
be greater where a longer-acting drug is used to manage 
the initial episode [11] and where the interval between 
attacks is short. Several long-acting forms of ACT 
(LACT) are now available, including dihydroartemisinin-
piperaquine (DHA-PQ) and artesunate-mefloquine (AS-
MQ), which provide several additional weeks of PTP 
compared to shorter-acting drugs. However, choice of 
first line treatment is not currently rationalized to exploit 
this benefit to its full potential.
The interval between malaria attacks will be short in 
high transmission settings, where reinfection is very 
common, until sufficient immunity is acquired to pre-
vent disease. Cohort studies in highly endemic areas have 
shown a regular recurrence of symptomatic malaria, with 
intervals dependent on the drug used for treatment of the 
initial attacks [12–14]. A randomized trial in an area of 
high, seasonal transmission in Mali found that children 
who received artesunate plus a longer-acting partner 
drug (either amodiaquine or sulfadoxine-pyrimethamine) 
for each of their malaria episodes experienced fewer epi-
sodes over a 2 year period than children treated with the 
shorter-acting ACT, artemether-lumefantrine [11]. A 
recent model-based cost effectiveness study found that 
DHA-PQ would be more effective and cost-effective 
than artemether-lumefantrine in areas where transmis-
sion is high and seasonal [15]. The benefit of long-acting 
drugs may be greatest in high transmission, seasonal set-
tings for a number of reasons. Firstly, areas with a high 
annual burden and a short season imply very high inci-
dence rates (and very short intervals between episodes) 
during the season (Fig.  1). Secondly, in highly seasonal 
settings, a few weeks of PTP from a LACT may reflect a 
large proportion of the total time exposed each year: in 
the extreme case, in a setting with a transmission season 
1 month in length, there should be no recurrent malaria 
if a drug providing more than 1 month of PTP is used for 
case-management. Finally, immunity may develop more 
slowly in seasonal settings due to gaps in exposure and 
decay in immune responses during the dry season.
However, to explore this further, and to generalize these 
findings to other drug combinations and to other interven-
tions that could potentially be deployed to reduce the bur-
den of repeated episodes of malaria, a better understanding 
of how seasonality and transmission intensity affect the 
epidemiology of repeated episodes of malaria is needed. 
This information could help inform policy-makers as to the 
likely importance of repeated episodes of malaria within 
a specific context, based on these underlying epidemio-
logical drivers. In the present study, the timing and interval 
between repeat malaria episodes were estimated using data 
from six cohort studies in West Africa. An individual-based 
model of malaria transmission across sub-Saharan Africa 
was then used to explore the effects of transmission inten-
sity and seasonality on the timing of repeat malaria across a 
range of epidemiological settings.
Methods
Data
Data on malaria incidence were analysed from six obser-
vational or experimental cohort studies in West Africa, 
conducted in Kintampo, Ghana [16]; Navrongo, Ghana 
[17]; Boussé, Burkina Faso [18, 19]; Kati district, Mali [20, 
21]; Farafenni, The Gambia (Milligan, unpublished data) 
and Niakhar, Senegal [22]. Each of the field studies was 
approved by the Ethics Committee of the London School 
of Hygiene and Tropical Medicine and in the appropriate 
country, except for the Gambia cohort study which was 
approved by the MRC Gambia Ethics Committee. Further 
details of the studies and the sites are given in Table 1 and 
Additional file 1. In brief, these sites represent a range of 
transmission intensity, with cross-sectional prevalence 
ranging from 13 to 64 %, and a range of seasonality pat-
terns, from year-round transmission in Kintampo, Ghana 
to highly seasonal transmission in the Gambia and Sen-
egal. Genotyping was not undertaken to allow new infec-
tions to be distinguished from repeat attendances for 
the same clinical attack, or treatment failure, so to avoid 
double counting of the same clinical attack, malaria epi-
sodes within 7 days of a prior episode were not counted; 
this may exclude some genuine re-attendances for treat-
ment failure. The seasonality in the incidence of malaria 
was then quantified, and the distribution of the intervals 
between malaria episodes examined as described below.
Seasonality
The Markham seasonality index (MSI) [23] has previously 
been used to characterize malaria seasonality [24]. Full 
details are given in Additional file 2. In brief, the malaria 
incidence in each month is expressed as a vector, with a 
(different) fixed direction for each month, and with the 
length of the vector corresponding to the fraction of the 
annual incidence occurring in that month. Summation 
of the 12 monthly vectors gives a resultant vector, i.e. the 
finishing point back to the origin. The length of the result-
ant vector divided by the total length of all 12 monthly 
vectors gives the MSI (taking values ranging from 0, in 
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the case where all months have equal incidence, and 1, in 
the case where all incidence occurs within 1 month). The 
direction of the resultant vector indicates the month in 
which the peak in incidence occurs. The MSI was calcu-
lated for each of the six studies.
Timing of repeated episodes
The distribution of recurrent malaria episodes was 
inspected visually by constructing a histogram of the inter-
val between episodes experienced by the same individual 
(based on date of first contact for each unique malaria 
episode). The mean interval between episodes was then 
obtained using the Kaplan–Meier estimate of the mean 
survival time among those who experienced a subsequent 
episode before the end of the follow-up period.
For the time varying hazard h(t), the survivor function 
for person treated on day x is
where the time elapsed time from treatment is measured 
in days, x = 0 and T = 365.
S(x,T ) = exp
(
−
∫
T
x
h(t)dt
)
The mean interval is then the area under the survival 
curve i.e.
and the average incidence over the year is the mean of 
h(t).
Modelling
Having calculated these measures of seasonality and 
distribution of intervals between of repeat episodes 
for the six sites, an individual-based model (IBM) of 
Plasmodium falciparum described previously [25] was 
used to generalize these findings. This model describes 
the full transmission cycle of P. falciparum between 
humans and mosquitoes, as well as disease progres-
sion in humans, and has been fitted to extensive data 
on parasite prevalence determined by microscopy and 
polymerase chain reaction (PCR), and episodes of 
uncomplicated malaria by age and transmission set-
ting across Africa [25, 26]. Heterogeneity in malaria 
risk is simulated by randomly assigning individuals at 
birth to experience different relative biting rates [25]. 
∫
T
0
S(t)dt
Fig. 1 Illustration of the effect of seasonality on timing of malaria infections, and the benefit of post‑treatment prophylaxis. EIR entomological 
inoculation rate, PTP post‑treatment prophylaxis. Simplified representation of the effect of seasonality on timing of malaria infections. Sites A and B 
have the same annual EIR (6 infections per person per year). However, the monthly EIR in the seasonal setting (scenario B) is twice that in the peren‑
nial setting (scenario A). The monthly EIR during the transmission season in site B is the same as a perennial setting with an annual EIR of 12 (site C). 
Due to post‑treatment prophylaxis provided by case‑management for malaria, some malaria infections that occur soon after a previous episode will 
be prevented. This is more likely to occur where infection rates are higher, and where malaria infections occur close together in time. In seasonal 
settings, the length of PTP also becomes large in relation to the length of the season. This suggests that seasonal settings may have more prevent‑
able malaria than perennial settings with an equivalent annual EIR. Additional complications dealt with in this paper include realistic seasonality 
patterns, heterogeneity in malaria risk between individuals, immunity (acquisition of which may differ in seasonal and non‑seasonal settings) and 
variable duration of protection from drugs used for case‑management
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The model also incorporates the impact of insecticide-
treated nets (ITNs). Anti-disease immunity, which 
reduces the probability of a blood-stage infection 
resulting in a clinical episode, is acquired at a rate that 
depends on exposure [25, 27]. The assumed paramet-
ric form of this immunity in the model gives rise to a 
lengthening of the interval between successive malaria 
attacks in areas of high endemicity, particularly among 
the most exposed sub-groups within a population who 
have higher exposure, and who therefore acquire pro-
tective immunity faster relative to their neighbours. 
The model has been fitted to age-incidence curves from 
23 sites in Africa [26] but has not previously been com-
pared to longitudinal patterns of repeat episodes. For 
this analysis, the timing of clinical episodes of malaria 
predicted by the model (i.e. when infection is sympto-
matic, and treatment is sought) were recorded for each 
individual in the simulation, to create a dataset of the 
timing of treated clinical episodes comparable to those 
from the six studies in West Africa.
Simulations were run using transmission and season-
ality parameters appropriate to the first administrative 
unit (the largest sub-division within each country) within 
which the studies were located, to investigate if the model 
could approximately replicate the patterns seen in the 
six data sets in terms of seasonality and concentration of 
malaria episodes. Duration of post-treatment prophylaxis 
after treatment for malaria in each simulation was chosen 
to approximate that provided by the drug used in each 
study. Simulations were restricted to the same age group 
and with prevalence and levels of ITN coverage similar to 
those in the original studies.
Model seasonality
Seasonality in transmission in the model is driven 
by temporal fluctuations in rainfall and temperature, 
which determine the ability of the environment to sup-
port development of mosquito larvae, referred to as lar-
val carrying capacity (LCC) [28]. The LCC function was 
integrated by month for each of the 576 first administra-
tive areas across Africa to estimate the MSI as described 
above, giving values of the MSI ranging from 1 to 91 %. 
However, all sites with an MSI <10 % were bimodal sites 
with two equal peaks spaced approximately 6  months 
apart. Nine sites were chosen representing each 10  % 
interval of the MSI between 10 and 90 % for further anal-
ysis, focusing on those without bimodal seasonality pat-
terns, which were considered separately (see Additional 
file 3). To confirm that the seasonality in larval carrying 
capacity was reflected in incidence of clinical malaria 
predicted by the model, the Markham seasonality index 
was also calculated for symptomatic attacks of malaria 
predicted by the model in the nine sites.
Modelling seasonality in different transmission intensity 
settings
For each of the seasonality patterns identified as 
described above (i.e. with MSI between 10 and 90 %), sce-
narios were simulated with mean annual parasite preva-
lence in 2–10 year old children of 5, 10, 20, 40 and 60 %, 
creating a 9 × 5 matrix of seasonality versus transmission 
intensity. For each of the 45 scenarios, all other param-
eters apart from the seasonality pattern and prevalence 
in 2–10 year olds were held constant. The set of param-
eters from the Upper East Region of Ghana (the first 
administrative unit in which the Navrongo study site is 
located) were used. This site was chosen because the epi-
demiology in this location has been well-characterized 
e.g. [29–35] and because this site was one of a number of 
sentinel sites used in assessing the fit of the model [25]. 
For all scenarios in the simulation, duration of post-treat-
ment prophylaxis after case-management for malaria was 
assumed to be short (mean duration of 10 days).
Histograms showing the distribution of intervals 
between episodes were produced, and the estimated 
mean interval between malaria episodes calculated for 
each of the modelled scenarios using the Kaplan–Meier 
approach as described above. To understand the relative 
importance of seasonality and endemicity on the timing 
of repeat malaria episodes, the mean interval between 
episodes was plotted against the Markham seasonality 
index for each level of prevalence.
To explore the possible effect of post-treatment proph-
ylaxis of varying duration, the model was used to esti-
mate, for each scenario, the number of repeat malaria 
episodes that occur within 28, 42, 56 and 70 days of a pre-
vious attack, and the fraction of the annual burden that 
this represents. The result for the corresponding model 
scenario was then matched (in terms of seasonality and 
prevalence category) to indicate the absolute and relative 
importance of repeat malaria in these different periods, 
for each first administrative area in Africa.
Results
Data from cohort studies
In the cohort studies in West Africa, the seasonality in 
clinical malaria episodes increased moving from South 
to North, following the known patterns in seasonality of 
rainfall in the Sahel and sub-Sahel [36]. The Markham 
seasonality index (MSI), used to quantify seasonality 
in malaria incidence, was as follows: Kintampo, Ghana 
[16]: 42.8 %; Navrongo, Ghana [17]: 54.5 %; Boussé, Bur-
kina Faso [18, 19]: 74.3 %; Kati, Mali [20, 21]: 82.3 %, Far-
afenni, The Gambia (Milligan, unpublished data): 85.5 %, 
Niakhar, Senegal [22]: 79.0 %. A graphical representation 
of the Markham seasonality index is shown for each site 
in Additional file  4.
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The distribution of the intervals between repeat epi-
sodes of malaria for each site is shown in Fig. 2. Moving 
from South to North (i.e. from less seasonal to more sea-
sonal settings) the mean interval between episodes, esti-
mated using the Kaplan–Meier method, decreased: mean 
interval, 74.6 (95 % CI 71.1, 78.0) days in Kintampo, 66.1 
(95 % CI 60.6, 71.6) days in Navrongo, 52.4 (95 % CI 48.0, 
56.7) days in Boussé, 43.4 (95  % CI 40.1, 46.7) days in 
Kati, 42.3 (95 % CI 37.0, 47.5) days in Farafenni, and 50.9 
(95 % CI 49.0, 52.8) days in Niakhar.
A plot of the observed MSI against the mean inter-
val between episodes is shown in Fig.  3. This suggests 
that the average interval between episodes decreases as 
seasonality increases, although interpretation of this 
based on the data alone is complicated by differences in 
transmission intensity, and other differences between 
the sites, including the use of drugs used for case-man-
agement. This was chloroquine or chloroquine plus 
sulfadoxine-pyrimethamine in the three earlier studies 
(long-acting but likely subject to some resistance) and 
an ACT in the three latter studies (highly effective but 
shorter-acting).
Model simulations
The MSI of the larval carrying capacity (the suitability of 
the environment for development of malaria vectors [28]) 
is shown for each of the 576 first administrative areas in 
Africa simulated by the model in Fig.  4. Relatively few 
locations showed a strong degree of bimodality in malaria 
transmission; these are dealt with separately in Additional 
file 3 and summarized below. Seasonality profiles and the 
corresponding Markham seasonality polygons for the 
sites representing 10  % intervals of the MSI (from 10 to 
90 %) are shown in Additional files 5, 6. The model pre-
dictions of the MSI was very close to the observed values 
for the locations in which the six studies were conducted 
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The mean interval between malaria episodes, in days, was 50.9 (95 % CI 49.0, 52.8) days in Niakhar, 42.3 (95 % CI 37.0, 47.5) days in Farafenni, 43.4 
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(Fig.  3b). The correlation between seasonality in larval 
carrying capacity (LCC) input into the model and season-
ality in malaria incidence predicted by the model was very 
strong at all levels of prevalence (Additional file  7). The 
mean interval between malaria episodes predicted by the 
model was also similar for the locations where the cohort 
studies were conducted (Fig. 3c).
Figure  5 shows the estimated mean interval between 
episodes plotted against the Markham seasonality index 
for each of the 45 scenarios modelled (nine seasonal-
ity patterns (10–90 %), and five prevalence levels (5, 10, 
20, 40 and 60  % in 2–10  year olds). The distribution of 
intervals between malaria episodes is shown in Addi-
tional file 8. Malaria episodes occur in closer succession 
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in higher prevalence settings, where more infections 
occur per unit time. At a given prevalence, the average 
interval between repeat episodes decreases with increas-
ing seasonality, and is always shortest in the most sea-
sonal transmission settings. In particular, a large part of 
the burden of repeat malaria episodes occurs soon after 
a previous episode in highly seasonal, high prevalence 
areas. Bimodality increases the average interval between 
episodes compared to unimodal seasonal settings of sim-
ilar endemicity, because there are two periods when cases 
are more likely to occur, separated by a period of lower 
risk (Additional file 3).
Figure  6 shows the burden of repeat malaria episodes 
within 28 and 42  days of a previous attack in absolute 
terms, as well as the incremental increase in the bur-
den of repeat malaria between 28 and 42  days after the 
preceding episode. Figure 7 shows the burden of repeat 
malaria within 28 and 42  days as a fraction of the total 
malaria burden (all episodes, including first episodes) 
in children under 5  years of age. The highest burden 
of repeat malaria occurring soon after a previous epi-
sode appears to be in the Sahel and sub-Sahel regions of 
Africa, where malaria transmission is intense and highly 
seasonal. Repeat malaria also appears to be important in 
a seasonal focus encompassing parts of Malawi, Mozam-
bique and Southern Tanzania, and in areas of perennial 
transmission with a very high burden in Eastern Uganda.
Interventions able to tackle the burden of repeat 
malaria soon after treatment are likely to have an impor-
tant impact on malaria burden in highly endemic set-
tings, and particularly in highly endemic and highly 
seasonal settings. In such settings, repeat malaria within 
28 days of a previous episode constitutes up to 20 % of 
the overall malaria burden in children (Additional file 9). 
Within 42  days, this share of the overall burden rises 
to around 30  %. At 60  % prevalence, an estimated 250 
cases per 1000 children per year occur within 42 days of 
a prior attack in perennial settings, rising to 1000 cases 
per 1000 children in highly seasonal settings (Additional 
file  10). In such areas, the incremental effect of a drug 
providing an additional 2 weeks of PTP (42 days versus 
28  days) could prevent in excess of 200 cases per 1000 
children, per year.
In areas with highly seasonal transmission and moder-
ate-high transmission (e.g. 2–10  year old prevalence of 
40  %), repeat malaria can, relative to non-seasonal set-
tings with substantially higher prevalence (2–10 year old 
prevalence of 60 %), account for a higher number of cases 
(e.g. Additional file  10) and a higher proportion of the 
overall malaria burden (Additional file 9).
In settings with a prevalence in 2–10 year old children 
less than 20 %, repeat malaria is relatively unimportant. 
This is partly because there is a small absolute number of 
repeat episodes (Additional file  10), and partly because 
repeat episodes soon after a previous attack constitute a 
small fraction of the overall burden (Additional file 9).
While the burden within 56 and 70 days of a prior epi-
sode is larger than that within 28 and 42 days, the incre-
mental increase in the burden with increasing time since 
Fig. 4 Markham seasonality index by first administrative area. Figure 
shows Markham seasonality index for larval carrying capacity (LCC) 
for each first administrative area (the largest administrative sub‑
division within country. Black areas show those with strongly bimodal 
seasonality patterns (see Additional file 3 for details)
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2–10 year olds 5, 10, 20, 40 and 60 %, as indicated
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the previous episode is progressively smaller as the post-
treatment interval increases (Additional files 11, 12). In 
the most seasonal settings (MSI 90  %), these incremen-
tal values are smaller than in slightly less seasonal set-
tings (MSI 70, 80 %). This is because the distribution of 
repeat malaria episodes peaks very sharply soon after 
a previous episode in extremely seasonal settings, and 
because malaria risk becomes very small when the post-
episode window extends into the dry season. The advan-
tage of LACTs with a longer mode of action than those 
currently available (e.g. an ACT that provided 10 weeks 
of PTP) may therefore be greater in settings where the 
distribution of repeat malaria episodes is spread slightly 
more evenly over time (i.e. high burden and seasonal, but 
not extremely seasonal). Other than where transmission 
is extremely seasonal, and particularly in perennial set-
tings, longer PTP is always likely to be advantageous as 
although second events may occur close to the preceding 
episode in high transmission settings, subsequent epi-
sodes may also be prevented.
Fig. 6 Burden of repeat malaria episodes per 1000 children by first administrative unit across Africa. Burden of malaria episodes per 1000 children 
that occur within a 28 days and b 42 of a prior episode. c shows the additional burden per 1000 children that occurs between 28 and 42 days after 
a previous episode
Fig. 7 Percentage of malaria burden in children occurring within 28 and 42 days by first administrative unit across Africa. Fraction of all malaria epi‑
sodes in children under 5 years of age predicted to occur within a 28 days and b 42 of a prior episode. c shows the difference in the overall fraction 
of episodes among children that occurs between 28 and 42 days after a previous episode
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Discussion
This analysis investigated the burden of repeated malaria 
episodes and the interval between successive episodes 
in cohort studies conducted in a range of epidemiologi-
cal settings in West Africa, and used a model to esti-
mate the effects of seasonality and transmission on the 
amount and timing of repeat malaria episodes across 
the continent. These results show that seasonality has an 
important effect on the distribution of recurrent malaria 
episodes, and should be considered alongside overall 
transmission intensity when deciding between different 
regimens for the case-management of malaria.
Repeated malaria attacks within a short time frame are 
not common where malaria transmission is low, and very 
few repeat episodes occur within the period of post-treat-
ment prophylaxis provided by currently available drugs. 
This means that the additional benefit of a long-acting 
ACT over a shorter-acting drug in low transmission set-
tings is likely to be minimal, and other factors such as 
cost, simplicity of dosing, tolerability and local resist-
ance patterns to ACT partner drugs are likely to be more 
important considerations. Where malaria transmission is 
higher, repeated episodes of malaria are more common, 
and a larger fraction of the annual burden occurs within 
the period of post-treatment prophylaxis provided by 
longer-acting ACT, and therefore might be prevented if 
these regimens were used in place of shorter-acting regi-
mens. In higher transmission settings, the burden is also 
larger in absolute terms, and the burden averted is also, 
therefore, likely to be larger.
At a given level of transmission intensity, the fraction 
of episodes occurring within a fixed time period after a 
previous attack increases in a non-linear fashion with 
increasing seasonality. This is plausible as in settings 
with a short season, any recurrent malaria must occur 
relatively close to a preceding episode, and because, to 
achieve a similar level of transmission in a shorter period, 
the transmission intensity must be higher during the sea-
son. Seasonality may also lead to more recurrent malaria 
because immunity is not continuously boosted as in per-
ennial areas [37, 38] thus the development of the anti-dis-
ease immunity that reduces the probability of developing 
symptoms upon infection is delayed relative to perennial 
settings.
It is not certain how long protection against clini-
cal malaria after LACT lasts, but a reasonable estimate 
might be between 4–8  weeks depending on the drug 
used, compared to 2–3  weeks for a shorter-acting ACT 
such as artemether-lumefantrine or artesunate-amo-
diaquine [12, 15, 39, 40]. These results show that the 
increase in the number of malaria episodes occurring 
between 28 and 42 days after a preceding attack was sub-
stantial in certain settings, suggesting that the additional 
prophylaxis will make important changes to the burden. 
This may be an underestimate if protection from a short-
acting ACT lasts less than 28 days, or if protection from 
a LACT lasts longer than 6 weeks, or both. The decision 
to switch to ACT from non-ACT was primarily made on 
the basis of dramatic improvements in curative efficacy 
[41]. However, when choosing between the artemisinin-
based combinations that are now available, all of which 
have similarly high curative efficacy, more focus should 
be given to the potential benefits other than cure.
Since long-acting ACT appears to be of most value in 
areas of high and seasonal transmission, there is some 
overlap with seasonal malaria chemoprevention (SMC), 
which has recently been recommended in highly sea-
sonal areas of the Sahel and sub-Sahel with high malaria 
burdens [42]. SMC consists of monthly courses of sulf-
adoxine-pyrimethamine plus amodiaquine, and thus 
precludes use of two of the current ACTs: AS-SP or 
AS-AQ. However, the use of long-acting ACT for treat-
ment, such as DHA-PQP or AS-MQ, may complement 
the SMC strategy, since a child with severe acute illness 
such as malaria will not receive a particular monthly 
course of SMC [42]. A long-acting ACT for case manage-
ment would help avoid the situation where experiencing 
malaria once predisposes a child to experiencing malaria 
again later in the transmission season by preventing them 
being protected by SMC.
This study has a number of limitations inherent to a 
model-based generalization of a more complex prob-
lem. Heterogeneity in exposure to malaria is likely to 
be influential, since this affects how unevenly malaria 
is shared between individuals, with the most exposed 
individuals in a particular setting most likely to experi-
ence recurrent malaria in a short period of time. Simi-
larly, acquired immunity will affect the interval between 
malaria episodes. Acquisition of immunity may differ in 
highly seasonal settings due to waning of protection dur-
ing long periods without exposure, and there being some 
redundancy in additional infections during the transmis-
sion season among individuals who are currently or have 
recently been infected; both heterogeneity and acquisi-
tion of immunity are captured by the model [25], but it 
is not easy to capture these patterns within data in order 
to validate these effects. However, the consistency of the 
patterns of repeat malaria seen in real data and the model 
estimates at different levels of transmission suggest that 
the modelling of heterogeneity and immunity do not 
pose a major problem in terms of the overall interpreta-
tion. The approach used in the present analysis focused 
on true malaria cases that presented for treatment, 
which in practice may not all be treated for malaria, 
but also ignores use of anti-malarials for non-malaria 
cases, which may provide some benefits. The Markham 
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seasonality index used in this study can underestimate 
the level of seasonality in areas with bimodal patterns, 
but the approach used here, which identified and inves-
tigated bimodality separately, suggests that areas with a 
high degree of bimodality are not particularly common, 
and that bimodality simply increases the average interval 
between episodes depending on the relative intensity of 
the two peaks and the gap between the two rainy seasons.
A limitation in scope is that the model used does not 
include the impact of ACT in different settings on the 
development of drug resistance. Long-acting ACT may 
be more vulnerable to development of resistance because 
sub-therapeutic concentrations of anti-malarials may per-
sist for long periods after treatment, although this is not 
the only factor that is important [43]. Targeting long-act-
ing ACT to areas where transmission is seasonal may help 
to reduce the rate at which resistance develops, by reduc-
ing the number of children who are exposed to reinfection 
while carrying sub-therapeutic concentrations of these 
drugs [44], and may help to prolong their useful life.
Conclusion
Areas of seasonal malaria transmission are likely to have 
more episodes of malaria that are preventable by switch-
ing to a long-acting drug for case management than areas 
of equivalent transmission spread more evenly over the 
year. This suggests that long-acting ACT should be con-
sidered carefully as an option for case-management in 
areas where malaria transmission is seasonal, particularly 
where malaria transmission is high.
Abbreviations
ACT: artemisinin‑based combination therapy; AS‑AQ: artesunate‑amodi‑
aquine; AS‑MQ: artesunate‑mefloquine; AS‑SP: artesunate‑sulfadoxine‑
pyrimethamine; DHA‑PQ: dihydro‑artemisinin‑piperaquine; IBM: individual‑
based model; LACT: long‑acting artemisinin‑based combination therapy; LCC: 
larval carrying capacity; ITN: insecticide‑treated net; MSI: Markham seasonality 
index; PCR: polymerase chain reaction; PTP: post‑treatment prophylaxis; SMC: 
seasonal malaria chemoprevention.
Authors’ contributions
MEC conceived and designed the study, analysed and interpreted the trial 
data, carried out the model‑based simulations and wrote the first draft of 
the manuscript. PGTW, LCO, and TG assisted with model‑based simulations 
and interpretation, and writing of the draft manuscript. JTG developed the 
individual‑based malaria transmission model, and assisted with interpreta‑
tion of the modelling results. KPA supervised field activities for the Kintampo 
cohort study and assisted with interpretation of the study data. SOA super‑
vised field activities in the Kintampo Cohort Study and the Navrongo study, 
and assisted with interpretation of the trial data. DD supervised field activities 
for the Burkina IPTc study and assisted with interpretation of the trial data. AD 
supervised field activities for the Mali IPTc study and assisted with interpreta‑
tion of the trial data. BC supervised field activities for the Niakhar IPTc study 
and assisted with interpretation of the trial data. DC supervised field activities 
in the Navrongo study and assisted with interpretation of the trial data. BMG 
contributed to study design and writing of the draft manuscript. ACG devel‑
oped the individual‑based malaria transmission model, contributed to study 
design, and assisted with interpretation of the modelling results. PJM contrib‑
uted to study design, analysis of the data and writing of the draft manuscript. 
All authors contributed to interpretation of the analyses and revised the draft 
manuscript. All authors read and approved the final manuscript.
Author details
1 MRC Tropical Epidemiology Group, LSHTM, London, UK. 2 MRC Centre 
for Outbreak Analysis and Modelling, Imperial College London, London, UK. 
3 Kintampo Health Research Centre, Kintampo, Ghana. 4 Faculty of Infectious 
and Tropical Diseases, LSHTM, London, UK. 5 Present Address: PATH‑Malaria 
Vaccine Initiative, Dakar, Senegal. 6 Malaria Research and Training Centre, 
Bamako, Mali. 7 Université Cheikh Anta Diop, Dakar, Sénégal. 
Additional file 7: Correlation between model seasonality in larval car‑
rying capacity and predicted seasonality in clinical malaria. Correlation 
between Markham seasonality index calculated for the larval carrying 
capacity function (as an input into the model determining seasonality) 
and MSI for seasonality in clinical malaria at different levels of prevalence.
Additional file 8: Distribution of interval between malaria episodes 
according to prevalence and seasonality in transmission. Distribution of 
intervals between malaria episodes for each of the 45 scenarios modelled.
Additional file 9: Fraction of all malaria episodes that occur within 
28, 42, 56 and 70 days of a previous episode. Proportion of all malaria 
episodes that occur within 28, 42, 56 and 70 days of a previous episode, 
according to seasonality and transmission intensity.
Additional file 10: Total malaria burden per 1,000 children that occurs 
within 28, 42, 56 and 70 days of a previous episode. Total number of 
malaria episodes that occur within 28, 42, 56 and 70 days of a previous 
malaria episode, according to seasonality and transmission intensity.
Additional file 11: Total malaria burden per 1,000 children in different 
intervals after the preceding episode. Burden of repeat malaria per 1,000 
children occurring in different intervals following the previous episode, 
according to the Markham seasonality index (MSI). Scenarios shown for 
20, 40 and 60 % prevalence.
Additional file 12: Fraction of all malaria episodes in different intervals 
after the preceding episode. Percentage of the overall malaria burden 
occurring in different intervals following the previous episode, for differ‑
ent levels of the Markham seasonality index (MSI). Scenarios shown for 20, 
40 and 60 % prevalence.
Additional files
Additional file 1: Location of the study sites, and length of season 
according to Mapping Malaria Risk in Africa (MARA). Location of the 
six cohort/studies in West Africa, and an indication of the length of the 
malaria transmission season according to the Mapping Malaria Risk in 
Africa (MARA) project.
Additional file 2: Details of the Markham Seasonality Index. Explanation 
of how the Markham Seasonality Index is calculated, and illustration of 
two example scenarios.
Additional file 3: Sites with bimodal malaria transmission. Description of 
how sites with bimodal malaria transmission were identified, their location 
in Africa, an example results for 2 scenarios of bimodal transmission.
Additional file 4: Markham seasonality index of clinical malaria inci‑
dence for the six studies in West Africa. Graphical representation of the 
Markham Seasonality Index for the 6 studies in West Africa.
Additional file 5: Seasonality profiles for first administrative units at 
10 % intervals of Markham Seasonality Index. Seasonality in larval carrying 
capacity (ability of environment to support development of mosquito 
larvae) for sites representing 10 % intervals of the Markham Seasonality 
Index.
Additional file 6: Markham Seasonality Polygons for the first admin 
units representing 10 % intervals of Markham index. Graphical representa‑
tion of the Markham Seasonality Index for the sites representing 10 % 
intervals of the Markham Seasonality Index.
Page 12 of 13Cairns et al. Malar J  (2015) 14:321 
Acknowledgements
MC, PGTW and LCO are supported by Population Health Scientist Fellowships 
jointly funded by the UK Medical Research Council (MRC) and the UK Depart‑
ment for International Development (DFID) under the MRC/DFID Concordat 
agreement. JTG is supported by an MRC fellowship. ACG acknowledges grant 
funding from the Bill and Melinda Gates Foundation and Centre support 
from the MRC. The Navrongo IPTi Study was funded by the UK Department 
for International Development (DFID) (Grant no. R7602). The Kintampo Birth 
Cohort Study was funded by the US National Institutes of Health (Grant no: 
HHSN266200400016C). The Niakhar IPTc study received financial support from 
the Gates Malaria Partnership and the LSHTM DFID Malaria Knowledge Pro‑
gramme. The Burkina and Mali IPTc studies were supported by a grant to the 
London School of Hygiene & Tropical Medicine from the Bill & Melinda Gates 
Foundation (grant number: 41783).
Compliance with ethical guidelines
Competing interests
The authors declare that they have no competing interests.
Received: 20 May 2015   Accepted: 6 August 2015
References
 1. Woolhouse ME, Dye C, Etard JF, Smith T, Charlwood JD, Garnett GP 
et al (1997) Heterogeneities in the transmission of infectious agents: 
implications for the design of control programs. Proc Natl Acad Sci USA 
94:338–342
 2. Mwangi TW, Fegan G, Williams TN, Kinyanjui SM, Snow RW, Marsh K 
(2008) Evidence for over‑dispersion in the distribution of clinical malaria 
episodes in children. PLoS ONE 3:e2196
 3. Taylor TE, Molyneux ME (2002) Clinical features of malaria in children. In: 
Warrell DA, Gilles HM (eds) Essential malariology. Arnold, London
 4. Calis JC, Phiri KS, Faragher EB, Brabin BJ, Bates I, Cuevas LE et al (2008) 
Severe anemia in Malawian children. N Engl J Med 358:888–899
 5. Foote EM, Sullivan KM, Ruth LJ, Oremo J, Sadumah I, Williams TN et al 
(2013) Determinants of anemia among preschool children in rural, west‑
ern Kenya. Am J Trop Med Hyg 88:757–764
 6. Zucker JR, Lackritz EM, Ruebush TK 2nd, Hightower AW, Adungosi JE, 
Were JB et al (1996) Childhood mortality during and after hospitalization 
in western Kenya: effect of malaria treatment regimens. Am J Trop Med 
Hyg 55:655–660
 7. Phiri K, Esan M, van Hensbroek MB, Khairallah C, Faragher B, ter Kuile 
FO (2012) Intermittent preventive therapy for malaria with monthly 
artemether‑lumefantrine for the post‑discharge management of severe 
anaemia in children aged 4–59 months in southern Malawi: a multicen‑
tre, randomised, placebo‑controlled trial. Lancet Infect Dis 12:191–200
 8. Bejon P, Berkley JA, Mwangi T, Ogada E, Mwangi I, Maitland K et al (2007) 
Defining childhood severe falciparum malaria for intervention studies. 
PLoS Med 4:e251
 9. Fernando SD, Gunawardena DM, Bandara MR, De Silva D, Carter R, Mendis 
KN et al (2003) The impact of repeated malaria attacks on the school 
performance of children. Am J Trop Med Hyg 69:582–588
 10. White NJ (2008) How antimalarial drug resistance affects post treatment 
prophylaxis. Malar J 7:9
 11. Sagara I, Fofana B, Gaudart J, Sidibe B, Togo A, Toure S et al (2012) 
Repeated artemisinin‑based combination therapies in a malaria hyperen‑
demic area of Mali: efficacy, safety, and public health impact. Am J Trop 
Med Hyg 87:50–56
 12. Arinaitwe E, Sandison TG, Wanzira H, Kakuru A, Homsy J, Kalamya J et al 
(2009) Artemether‑lumefantrine versus dihydroartemisinin‑piperaquine 
for falciparum malaria: a longitudinal, randomized trial in young Ugandan 
children. Clin Infect Dis 49:1629–1637
 13. Dorsey G: Modelling vs. real life settings: Longitudinal outcomes in a 
cohort of Ugandan children randomized to artemether‑lumefantrine 
versus dihydroartemisinin‑piperaquine for the treatment of malaria. In: 
American Society of Tropical Medicine and Hygiene. Atlanta, Georgia 
2012
 14. Kakuru A, Jagannathan P, Arinaitwe E, Wanzira H, Muhindo M, Bigira V et al 
(2013) The effects of ACT treatment and TS prophylaxis on Plasmodium 
falciparum gametocytemia in a cohort of young Ugandan children. Am J 
Trop Med Hyg 88:736–743
 15. Okell LC, Cairns M, Griffin JT, Ferguson NM, Tarning J, Jagoe G et al (2014) 
Contrasting benefits of different artemisinin combination therapies as 
first‑line malaria treatments using model‑based cost‑effectiveness analy‑
sis. Nat Commun 5:5606
 16. Asante KP, Owusu‑Agyei S, Cairns ME, Dodoo D, Boamah E, Gyasi R et al 
(2013) Placental malaria and the risk of malaria in infants in a high malaria 
transmission area in Ghana: a prospective cohort study. J Infectious Dis 
208:1504–1513
 17. Chandramohan D, Owusu‑Agyei S, Carneiro I, Awine T, Amponsa‑Achiano 
K, Mensah N et al (2005) Cluster randomised trial of intermittent preven‑
tive treatment for malaria in infants in area of high, seasonal transmission 
in Ghana. BMJ 331:727–733
 18. Konate AT, Yaro JB, Ouedraogo AZ, Diarra A, Gansane A, Soulama I et al 
(2011) Intermittent preventive treatment of malaria provides sub‑
stantial protection against malaria in children already protected by an 
insecticide‑treated bednet in Burkina Faso: a randomised, double‑blind, 
placebo‑controlled trial. PLoS Med 8:e1000408
 19. Konate AT, Yaro JB, Ouedraogo AZ, Diarra A, Gansane A, Soulama I et al 
(2011) Morbidity from malaria in children in the year after they had 
received intermittent preventive treatment of malaria: a randomised trial. 
PLoS One 6:e23391
 20. Dicko A, Barry A, Dicko M, Diallo AI, Tembine I, Dicko Y et al (2011) Malaria 
morbidity in children in the year after they had received intermittent 
preventive treatment of malaria in Mali: a randomized control trial. PLoS 
One 6:e23390
 21. Dicko A, Diallo AI, Tembine I, Dicko Y, Dara N, Sidibe Y et al (2011) Intermit‑
tent preventive treatment of malaria provides substantial protection 
against malaria in children already protected by an insecticide‑treated 
bednet in Mali: a randomised, double‑blind, placebo‑controlled trial. 
PLoS Med 8:e1000407
 22. Cisse B, Sokhna C, Boulanger D, Milet J, Ba EH, Richardson K et al (2006) 
Seasonal intermittent preventive treatment with artesunate and sulf‑
adoxine‑pyrimethamine for prevention of malaria in Senegalese children: 
a randomised, placebo‑controlled, double‑blind trial. Lancet 367:659–667
 23. Markham CG (1970) Seasonality of precipitation in the United States. Ann 
Assoc Am Geogr 60:593–597
 24. Mabaso ML, Craig M, Vounatsou P, Smith T (2005) Towards empirical 
description of malaria seasonality in southern Africa: the example of 
Zimbabwe. Trop Med Int Health 10:909–918
 25. Griffin JT, Hollingsworth TD, Okell LC, Churcher TS, White M, Hinsley W 
et al (2010) Reducing Plasmodium falciparum malaria transmission in 
Africa: a model‑based evaluation of intervention strategies. PLoS Med 
7:e1000324
 26. Griffin JT, Ferguson NM, Ghani AC (2014) Estimates of the changing age‑
burden of Plasmodium falciparum malaria disease in sub‑Saharan Africa. 
Nat Commun 5:3136
 27. Filipe JA, Riley EM, Drakeley CJ, Sutherland CJ, Ghani AC (2007) Determi‑
nation of the processes driving the acquisition of immunity to malaria 
using a mathematical transmission model. PLoS Comput Biol 3:e255
 28. White MT, Griffin JT, Churcher TS, Ferguson NM, Basanez MG, Ghani AC 
(2011) Modelling the impact of vector control interventions on Anoph‑
eles gambiae population dynamics. Parasit Vectors 4:153
 29. Appawu M, Owusu‑Agyei S, Dadzie S, Asoala V, Anto F, Koram K et al 
(2004) Malaria transmission dynamics at a site in northern Ghana pro‑
posed for testing malaria vaccines. Trop Med Int Health 9:164–170
 30. Owusu‑Agyei S, Awini E, Anto F, Mensah‑Afful T, Adjuik M, Hodgson A 
et al (2007) Assessing malaria control in the Kassena‑Nankana district of 
northern Ghana through repeated surveys using the RBM tools. Malar J 
6:103
 31. Owusu‑Agyei S, Fryauff DJ, Chandramohan D, Koram KA, Binka FN, 
Nkrumah FK et al (2002) Characteristics of severe anemia and its associa‑
tion with malaria in young children of the Kassena‑Nankana District of 
northern Ghana. Am J Trop Med Hyg 67:371–377
 32. Owusu‑Agyei S, Smith T, Beck HP, Amenga‑Etego L, Felger I (2002) 
Molecular epidemiology of Plasmodium falciparum infections among 
asymptomatic inhabitants of a holoendemic malarious area in northern 
Ghana. Trop Med Int Health 7:421–428
Page 13 of 13Cairns et al. Malar J  (2015) 14:321 
 33. Falk N, Maire N, Sama W, Owusu‑Agyei S, Smith T, Beck HP et al (2006) 
Comparison of PCR‑RFLP and Genescan‑based genotyping for analyz‑
ing infection dynamics of Plasmodium falciparum. Am J Trop Med Hyg 
74:944–950
 34. Oduro AR, Koram KA, Rogers W, Atuguba F, Ansah P, Anyorigiya T et al 
(2007) Severe falciparum malaria in young children of the Kassena‑Nan‑
kana district of northern Ghana. Malar J 6:96
 35. Baird JK, Owusu Agyei S, Utz GC, Koram K, Barcus MJ, Jones TR et al (2002) 
Seasonal malaria attack rates in infants and young children in northern 
Ghana. Am J Trop Med Hyg 66:280–286
 36. Grover‑Kopec EK, Blumenthal MB, Ceccato P, Dinku T, Omumbo JA, 
Connor SJ (2006) Web‑based climate information resources for malaria 
control in Africa. Malar J 5:38
 37. Akpogheneta OJ, Duah NO, Tetteh KK, Dunyo S, Lanar DE, Pinder M et al 
(2008) Duration of naturally acquired antibody responses to blood‑stage 
Plasmodium falciparum is age dependent and antigen specific. Infect 
Immun 76:1748–1755
 38. White MT, Griffin JT, Akpogheneta O, Conway DJ, Koram KA, Riley EM et al 
(2014) Dynamics of the antibody response to Plasmodium falciparum 
infection in African children. J Infect Dis 210:1115–1122
 39. Cairns M, Gosling R, Carneiro I, Gesase S, Mosha JF, Hashim R et al (2010) 
Duration of protection against clinical malaria provided by three regi‑
mens of intermittent preventive treatment in Tanzanian infants. PLoS One 
5:e9467
 40. Bretscher M, Griffin J, Hugo P, Baker M, Ghani A, Okell L et al (2014) A 
comparison of the duration of post‑treatment protection of artemether‑
lumefantrine, dihydroartemisinin‑piperaquine and artesunate‑amodi‑
aquine for the treatment of uncomplicated malaria. Malar J 13:19
 41. WHO (2006) Guidelines for the treatment of malaria. World Health 
Organization, Geneva
 42. WHO policy recommendation: Seasonal malaria chemoprevention (SMC) 
for Plasmodium falciparum malaria control in highly seasonal transmis‑
sion areas of the Sahel sub‑region in Africa (http://www.who.int/malaria/
publications/atoz/who_smc_policy_recommendation/en/)
 43. Stepniewska K, White NJ (2008) Pharmacokinetic determinants of the 
window of selection for antimalarial drug resistance. Antimicrob Agents 
Chemother 52:1589–1596
 44. White NJ (2004) Antimalarial drug resistance. J Clin Invest 113:1084–1092
 45. Robert V, Dieng H, Lochouran L, Traore SF, Trape JF, Simondon F et al 
(1998) Malaria transmission in the rural zone of Niakhar, Senegal (in 
French). Trop Med Int Health 3:667–677
 46. Bogh C, Lindsay SW, Clarke SE, Dean A, Jawara M, Pinder M et al (2007) 
High spatial resolution mapping of malaria transmission risk in the Gam‑
bia, west Africa, using LANDSAT TM satellite imagery. Am J Trop Med Hyg 
76:875–881
 47. Abdullah S, Adazu K, Masanja H, Diallo D, Hodgson A, Ilboudo‑Sanogo E 
et al (2007) Patterns of age‑specific mortality in children in endemic areas 
of sub‑Saharan Africa. Am J Trop Med Hyg 77:99–105
 48. Owusu‑Agyei S, Asante KP, Adjuik M, Adjei G, Awini E, Adams M et al 
(2009) Epidemiology of malaria in the forest‑savanna transitional zone of 
Ghana. Malar J 8:220
 49. Dery DB, Brown C, Asante KP, Adams M, Dosoo D, Amenga‑Etego S et al 
(2010) Patterns and seasonality of malaria transmission in the forest‑
savannah transitional zones of Ghana. Malar J 9:314
Submit your next manuscript to BioMed Central
and take full advantage of: 
• Convenient online submission
• Thorough peer review
• No space constraints or color figure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at 
www.biomedcentral.com/submit
